1. Extracts prepared from tea leaves with Polyclar AT (insoluble polyvinylpyrrolidine) contained two methyltransferase activities catalysing the transfer of methyl groups from S-adenosylmethionine to 7-methylxanthine, producing theobromine, and to theobromine, producing caffeine. 2. The methyltransferases exhibited the same pH optimum (8.4) and a similar pattern of effects by metal ions, thiol inhibitors and metal-chelating reagents, both for theobromine and caffeine synthesis. Mg2+, Mn2+ and Ca2+ slightly stimulated enzyme activity but they were not essential. Paraxanthine was shown to be most active among methylxanthines, as the methyl acceptor. However, the formation of paraxanthine from 1-methylxanthine was very low and that from 7-methylxantbine was nil, suggesting that the synthesis of caffeine from paraxanthine is of little importance in intact plants. Xanthine, xanthosine, XMP and hypoxanthine were all inactive as methyl acceptors, whereas [2-14C]xanthine and [8-'4C]lhypoxanthine were catabolized to allantoin and urea by tea-leaf extracts. The apparent K. values are as follows: 7-methylxanthine, 1.0x 10-3M; theobromine, 1.0X 10-3M; paraxanthine, 0.2 x 10-3M; S-adenosylmethionine, 0.25 x 10-4M (with each of the three substrates). 3. The results suggest that the pathway for caffeine biosynthesis is as follows: 7-methylxanthine --theobromine --caffeine. In contrast, it is suggested that theophylline is synthesized from 1-methylxanthine. The methyl groups of the purine ring of caffeine are all derived directly from the methyl group of S-adenosylmethionine. Little is known about the pathways leading to the formation of 7-methylxanthime. 4. A good correlation between caffeine synthesis and shoot formation or growth of tea seedlings was shown, suggesting that the methylating systems in caffeine synthesis are closely associated with purine nucleotide and nucleic acid metabolism in tea plants.
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Much work on caffeine biosynthesis using either intact plants (Wanner &I Blaim, 1961; Anderson & Gibbs, 1962; Inoue & Adachi, 1962; Preusser & Serenkov, 1963; Preusser, 1967; Inoue, 1971; Konishi et al,, 1972a,b; Suzuki, 1972 Suzuki, , 1973 Keller et al., 1972 ; Konishi & Oishi, 1973) or callus tissue (Ogutuga & Northcote, 1970a,b; Keller et al., 1972) has been carried out, These studies bave established that caffeine is synthesized from the same precursors utilized for purine and methyl group synthesis in other systems. Theobromine appears to be the immediate precursor of caffeine (Ogutuga & Northcote, 1970a; Suzuki, 1973; Suzuki &Takahashi, 1974) . S-Adenosylrnethionine seems to be the actual methyl donor in the methylations of caffeine precursors (Suzuki, 1972 (Suzuki, , 1973 .
Much less is known about the pathways leading to the formation of theobromine, or about the methylating systems involved in caffeine biosynthesis. There have been certain difficulties in approaching these questions owing to the limitations inherent Vol. 146 in studies with intact plants. Callus-tissue culture may be advantageous for certain aspects of the study of caffeine biosynthesis. Ogutuga & Northcote (1970a,b) used tea callus tissue and obtained good results, which compare favourably with our results using detached parts of tea plants (Suzuki, 1973; Suzuki & Takahashi, 1974) .
In contrast with these studies with intact plants or callus tissue, cell-free systems are more advantageous, because the direct proofs for the involvement of S-adenosylmethionine and the order of methylations of the purine ring of caffeine can be obtained only by the use of cell-free systems. One of the difficulties in extracting active enzymes from tissues containing high concentrations of phenolic compounds, e.g. tea, coffee and peppermint leaves, arises from the denaturation of proteins by these compounds. However, techniques have been developed that enable soluble solutions to be extracted from such tissues (Loomis, 1969) , and these techniques have not been applied to extraction of the enzymes involved in caffeine biosynthesis from tea and coffee leaves. The enzymes reported in this paper are methyltransferases from tea leaves, which catalyse the transfer ofmethyl groups from S-adenosylmethionine to 7-methylxanthine, producing theobromine, and to theobromine, producing caffeine. Attempts to extract similar enzymes from coffee leaves were unsuccessful. These results suggest that caffeine is synthesized from 7-methylxanthine via theobromine, and that xanthine, xanthosine, XMP and hypoxanthine cannot serve as the direct precursors of 7-methylxanthine. 
Materials and Methods Chemicals

Plant material
The methods for growth of tea seedlings were as described by Suzuki (1973) . Tea leaves, plucked from 75-85-day-old seedlings that were growing rapidly, were used except as otherwise stated.
The coffee leaves used for this study were harvested from plants growing rapidly at 25°C in normal daylight in a greenhouse of the Nippon Shinyaku Institute for Botanical Research, Kyoto, Japan.
Methods
Preparation ofextracts. Identification of the reaction products. For characterization of the reaction products, the enzyme reaction was carried out with a larger incubation volume of 1 ml at 30°C for 1 h. The reaction was stopped by the addition of 0.3 ml of 1.5M-HCIO4. After centrifugation of the mixture (1000g; 15min), the supernatant was applied in increments to Whatman 3MM paper in a band 40cm long. Ascending paper chromatography in solvent (1) was then carried out overnight. The chromatograms were dried and radioactive areas were detected as follows.
Strips (3cm x 1 cm) were cut down the direction of run of each sample, such that the long axis of each strip was at right-angles to the direction of chromatographic movement of the sample. The strips were then transferred to vials containing 5 ml ofthe toluenebased scintillator solution, and their radioactivities were measured, as described above.
The bands corresponding to the radioactivity peak on the chromatograms were then excised with sufficient lateral margins to permit vertical insertion of the strips into a trough for descending elution with water; a point is cut at the lower end. The radioactive materials were completely eluted by 10-12ml of water. The effluents were then concentrated to a small volume in a rotary evaporator under vacuum and rechromatographed on Whatman no. 1 paper in solvent systems (1), (2) ethanol-acetic acid-water (81:5:14, by vol.) and (3) pyridine-conc. NH3 (sp.gr. 0.90) (47:3, v/v) , or on silica-gel plates (Eastman Chromatogram Sheets 6060) in solvent system (4) chloroform-carbon tetrachloride-methanol (8:5: 1, by vol.). Appropriate theobromine and methylxanthine markers were co-chromatographed on each chromatogram as authentic materials. The positions of the u.v.-absorbing spots on the papers were marked in pencil and the radioactive areas were detected as described above. The radioactive areas on the silica-gel plate were detected by radioautography with Fuji X-ray film. The authentic materials on the silica-gel plate were detected by u.v. quenching (253.7nm).
Determination ofprotein. This was determined by the method of Lowry et al. (1951) , after precipitation with 5 % (w/v) trichloroacetic acid, with bovine serum albumin as standard. Determination ofcaffeine. The methods for extracting the caffeine and the spectrophotometric method for its determination were as described by Konishi et al. (1972b) .
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Determination ofdry weight. The dry weight of tea shoots was measured after each sample of fresh tissue had been cut into small pieces, dried at 80°C for 2h and placed in a vacuum desiccator overnight.
Results
Synthesis of theobromine from 7-metAylxanthine and of caffeine from theobromine by tea-leafextracts Theobromine appears to be the immediate precursor of caffeine (Ogutuga & Northcote, 1970a; Suzuki, 1973; Suzuki & Takahashi, 1974) . Thus at first we studied enzymic synthesis of theobromine from 7-methylxanthine or 3-methylxanthine, and of caffeine from theobromine. Extracts (Sephadex G-25 fraction) from tea leaves were incubated in the presence of S-adenosyl-L-[Me-14C]methionine as the methyl donor and 7-methylxanthine (or other substrate) as the methyl acceptor (Table 1) . After incubation for 1 h at 30°C, the radioactive materials produced by tea-leaf extracts were separated by paper chromatography on Whatman 3MM paper in solvent (1) and rechromatographed on Whatman no. 1 paper or on silica-gel plate in each of the systems described in the Materials and Methods section. Table 1 shows the summary of these experiments. The products formed from each of the three compounds: 7-methylxanthine, 3-methylxanthine and theobromine by leaf extracts were identified as theobromine, theophylline and caffeine, respectively.
The requirements for enzymic syntheses of theobromine and caffeine are also given in Table 1 , showing that no methylated product was formed in the reaction systems without either the acceptor, or the enzyme. Mg2+ stimulated the enzyme activity slightly, although it was not apparently essential. There was also no reaction when L-[Me-14C]methionine, ATP and Mg2+ were replaced for S-adenosyl-L-[Me-'4C]-methionine as the methyl donor (Table 1) .
It was also shown that no reaction was observed when the crude extracts were prepared without Polyclar AT. Although no detailed studies were made on the effect of the amount of Polyclar AT on enzyme extraction from tea leaves, the amount reported by Sanderson (1966) seemed to give good results.
Properties of tea-leaf methyltransferase catalysing caffeine synthesis Effect of time and enzyme concentration. The rate of formation of theobromine and caffeine by tea-leaf extracts was shown to be linear with time up to at least 7min and was proportional to the amount of extract added (up to at least 60,pg of protein/assay) under the conditions of the standard assay described in the Materials and Methods section. There was no (Fig. 1) . In contrast with this, the pH optimum for caffeine synthesis from theobromine was broadly around pH8.4. In O.5M-potassium phosphate buffer, the maximum rate of syntheses of both products from 7-methylxanthine and from theobromine was at pH 8.0.
Effect of metal ions on methyltransferase activity.
The enzyme did not require bivalent cations. Mg2+, Ca2+ and Mn2+ only slightly stimulated both theobromine and caffeine formation. The optimum concentration of Mg2+ on the enzyme activity was 2mM. Cu2+ and Hg2+ were strongly inhibitory at mM, whereas Co2+, Zn2+, Cd2+ and Fe2+ exerted only a partial inhibition at this concentration.
Effect of inhibitors on methyltransferase activity. Table 2 illustrates the action of inhibitors on the enzyme activity. There was no significant inhibition by thiol reagents such as lOOmM-iodoacetate and 0.5mM-p-chloromercuribenzoate; the reaction was even stimulated with mM-iodoacetate (final concn.) in the reaction mixture.
All chelating agents tested also only partially inhibited both theobromine and caffeine formation. The absence of any essential requirement for metal Substrate specificity of methyltransferase. To investigate the pathways for caffeine biosynthesis in vitro, xanthine, xanthosine, XMP, hypoxanthine and various methylxanthines were tested as acceptors (Table 3 ). The pH optimum for methylation ofmethylxanthines was in the range pH8.0-9.0 in 0. 5M-Tris-1975 leaves. The incubation was for 60min at 30°C. The identification of the reaction products, with a larger incubation volume of 1 ml, was performed as described in the Materials and Methods section. HCI buffer and at pH 8.0 in 0.5M-potassium phosphate buffer. 3-Methylxanthine was almost inactive throughout the range pH 5.8-9.4. 1-Methylxanthine produced two products, paraxanthine and theophylline, whereas two other monomethylxanthines (7-methylxanthine and 3-methylxanthine) produced only one product, theobromine or theophylline respectively. Unexpectedly, paraxanthine was the most active among methylxanthines; the formation of caffeine from paraxanthine was 2 or 3 times higher than that of theobromine from 7-methylxanthine. However, the formation of paraxanthine from 1-methylVol. 146 xanthine was very low and that from 7-methylxanthine was zero, indicating that paraxanthine is not the normal precursor of caffeine in vivo. In contrast, the synthesis of caffeine from theophylline and of theophylline from 1-methylxanthine or 3-methylxanthine was very low, indicating that the synthesis of caffeine via theophylline is scarcely the main pathway in vivo.
Xanthine, xanthosine, XMP and hypoxanthine were totally inactive ( The rate of production of theobromine at various concentrations of 7-methylxanthine and S-adenosylmethionine is shown in Figs. 2(a) and 2(b) . From the double-reciprocal plot in the insert, the calculated Km values were 1.Ox 1O-3M and 0.25x 1O-4M for 7-methylxanthine and S-adenosylmethionine respectively.
The rate of production of caffeine at various concentrations of theobromine and S-adenosylmethionine is shown in Figs. 3(a) and 3(b) . theobromine and S-adenosylmethionine respectively.
The rate of production of caffeine at various concentrations of paraxanthine and S-adenosyl- Vol. 146 methionine is shown in Figs. 4(a) and 4(b) . From the double-reciprocal plot in the insert, Km values of 0.20 x 10-3M and 0.25 x 10-4M for paraxanthine and S-adenosylmethionine respectively were calculated.
(b)
Caffeine synthesis and methyltransferase activity in relation to growth Tea seedlings were examined at various stages of growth for their content of caffeine and for activity of methyltransferase. The results (Figs. 5a and 5b ) indicate a good correlation among the pattern of changes in shoot growth, caffeine content and enzyme activity. The weight of tea shoots and the content of caffeine increased continuously and reached a maximum value at 100 days, whereas considerable increase of dry weight of tea shoots and considerable synthesis of caffeine occurred in 60-80-day-old seedlings. The changes in enzyme activity of methyltransferase catalysing both theobromine and caffeine syntheses exhibited a similar pattern; the activity of methyltransferase reached its highest value at 70 days and then decreased.
Experiments with extracts from leaves of mature tea and coffee plants Extracts prepared from rapidly growing shoot tips of mature tea plants exhibited methyltransferase activity, which has similar characteristics to those obtained from leaves of75-85-day-old seedlingplants.
Extracts prepared from coffee leaves, by the same methods as those used for the extraction of active enzymes from tea leaves, proved incapable of synthesis of methylxanthines from S-adenosyl-L-[Me-14C]methionine. Even after addition of an equal weight or more of Polyclar AT to fresh coffee leaves, the crude extract from coffee leaves was shown to brown badly and no enzyme activity could be detected. No further attempts to extract active enzymes from coffee leaves, including seedling plants, were made.
Discussion
Previous work on caffeine biosynthesis, in which detached parts of tea plants (Suzuki, 1972 (Suzuki, , 1973 Suzuki & Takahashi, 1974) or tea callus-tissue culture of tea plants (Ogutuga & Northcote, 1970a,b) were used, indicated that theobromine is the immediate precursor of caffeine and that S-adenosylmethionine serves as the actual methyl donor for caffeine biosynthesis. The present paper describes a further study ofcaffeine biosynthesis by using tea-leaf extracts; the results suggest that caffeine is synthesized from 7-methylxanthine via theobromine and that xanthine, xanthosine, XMP and hypoxanthine do not serve as the direct or indirect precursors of 7-methylxanthine under these conditions. Table 1 clearly shows that S-adenosylmethionine is the actual methyl donor both for theobromine and caffeine syntheses. The failure of methionine to act as a methyl donor, even in the presence of ATP and MgCI2, may be ascribed to the specific conditions used, since there is evidence for the formation of S-adenosylmethionine from methionine in tea plants (Suzuki, 1972) . Although Suzuki & Takahashi (1974) could not show the precursor of 7-methylxanthine, which may be derived from the purine nucleotides synthesized via the pathways of purine nucleotides de novo or via the pathways of nucleic acid catabolism, S-adenosylmethionine appears to act as the actual methyl donor for the methylation of 7-methylxanthine precursor. Ogutuga & Northcote (1970b) demonstrated that 7-methylxanthine is derived from 7-methylguanylic acid in nucleic acid. If this hypothesis is right, S-adenosylmethionine is the actual methyl donor of 7-methylxanthine precursor, because nucleic acids are now well known to be methylated by S-adenosylmethionine in the high polymer levels (Borek & Srinivasan, 1965) . Thus the methyl groups of caffeine are concluded to be all derived directly from the methyl group of S-adenosylmethionine. Further, it is suggested that all other C1 compounds tested in the biosynthesis of caffeine in coffee plants (Anderson & Gibbs, 1962) are transferred to the methyl groups of caffeine via the Cl pathways and directly from the methyl group of S-adenosylmethionine. Surprisingly, paraxanthine is most active as the methyl acceptor among various methylxanthines tested (Table 3) . However, the synthesis of caffeine via paraxanthine from 1-methylxanthine may be unlikely in vivo, because the rate of synthesis of paraxanthine from 1-methylxanthine is very low. Further, paraxanthine cannot be synthesized from 7-methylxanthine. Presumably therefore the synthesis of caffeine from 1-methylxanthine via paraxanthine is of little importance, although it would occur in leaves of intact plants. Paraxanthine is most active as an exogenous substrate. These observations are consistent with those made on caffeine biosynthesis by using the intact plants or callus tissue of tea plants (Ogutuga & Northcote, 1970a,b; Suzuki, 1973; Suzuki &Takahashi, 1974) , and are further supported by the facts that theobromine and caffeine are normal constituents of the leaves both of intact and manufactured plants, i.e. green and black tea (Franzke et al., 1968) . In addition, from our present results (Table 3) , the formation of theophylline, which is also found in tea leaves (Franzke et al., 1968) , is explained as the result of the methylation of 1-methylxanthine rather than that of 3-methylxanthine. Thus the hypothesis that theophylline is synthesized from xanthine via 3-methylxanthine (Ogutuga & Northcote, 1970b) seems to be unlikely. (Konishi & Oishi, 1973; Suzuki & Takahashi, 1974) The methods introduced in our present experiments depend on the report of Sanderson (1966 There is a good correlation (Fig. 5) between caffeine synthesis and the growth or formation of tea shoots. It is probable that these tissues growing rapidly have active purine nucleotide and nucleic acid metabolism so that the methylating systems involved in caffeine biosynthesis in tea plants appear to be closely associated with purine nucleotide and nucleic acid metabolism. The relation between caffeine synthesis and nucleic acid metabolism has been studied (Bhattacharyya & Ghosh, 1968; Konishi et al., 1972a; Suzuki, 1973; Suzuki & Takahashi, 1974) . Although little is known about the physiological significance of caffeine formation or the role of caffeine in plants, one of the answers will be obtained from more detailed studies on caffeine metabolism, formation and degradation, relating to purine nucleotide and nucleic acid metabolism.
Caffeine has three methyl groups on the nitrogen atoms of the purine ring. The present paper describes the two methylation reactions, i.e. 7-methylxanthine to theobromine and theobromine to caffeine, in caffeine biosynthesis in tea plants. In addition, the methylation of 1-methylxanthine was shown to result in the formation of theophylline and paraxanthine. Scheme 1 summarizes these studies, and suggests the biosynthetic pathways for caffeine and related methylxanthines. Although similar attempts to extract enzyme from coffee leaves were unsuccessful, Scheme 1 (described for tea plants) presumably describes the events in those plants that produce caffeine, e.g. coffee and cacao. In coffee plants at least, caffeine is synthesized from 7-methylxanthine via theobromine; thus Anderson & Gibbs (1962) demonstrated the same pathways as tea plants described in Scheme 1, except that 7-methylxanthine is synthesized from xanthine. Much less is known about the pathways leading to the formation of 7-methylxanthine.
This and other papers (Suzuki, 1972 (Suzuki, , 1973 Suzuki & Takahashi, 1974) are parts of the doctoral thesis submitted by T. S. in partial fulfilment of the requirements of the (Caffeine) 
